Abstract Ilmenite was reduced through microwave plasma-assisted chemical vapor deposition with continuously flowing hydrogen and methane gas. The reduction products were analyzed by XRD and SEM technology, and the component products were TiO2-Carbon Nanotubes (CNTs) composite powders. The reduction process was in good agreement with the Jander equation. Compared with other reduction process by kinetics analysis, microwave plasma could significantly facilitate the reduction process at low temperature.
Introduction
Over the last two decades, research on the reduction of ilmenite has received great attention around the world. Carbothermic reduction is the most common method used in this field [1, 2] . The reduction products vary with temperature [3∼7] . Ilmenite has been reduced to iron, rutile at low temperature, and Ti x O y , and Fe 3 C existed at higher reduction temperatures [3] . Y. M. WANG [4, 5] studied the reductive kinetics of the reduction between ilmenite and carbon or graphite, and found that the reduction degree increased when temperature rose, and the rate-controlling steps were either chemical reactions or diffusion processes at different temperature ranges. The traditional carbothermic reduction process is time consuming and complicated, and it is always accompanied by many by-products [6, 7] . In this case, many other reduction methods have been studied to improve the reduction rate [8∼11] . A. CALKA [8] studied the dischargeassisted mechanical milling of ilmenite with graphite and synthesised TiC+Fe 3 C in 5 min without high temperature annealing treatment to initiate the reduction reaction. Y. X. HUA [9] investigated the microwaveassisted carbothermic reduction of ilmenite and demonstrated that the microwave heating could enhance the reduction and lower the activation energy required for the reduction. On the basis of our predecessor's research, the method of ilmenite reduction by using microwave plasma in mixture of hydrogen and methane is proposed in this work to improve the reduction rate. The effect of microwave power on the reduction rate analyzed by chemical kinetics data shows that TiO 2 -CNTs composite powder can be directly prepared in a short time without the formation of any other by-products.
Experiment
All the investigations were carried out utilizing ilmenite-ore concentrates obtained from Yunnan Honghe in China. Commercial-grade hydrogen and methane gases were used.
The reduction experiments were carried out using MPCVD (microwave plasma-assisted chemical vapor deposition) [12] equipment, which consisted of a microwave source and a deposition chamber. Ilmenite, ground and screened to a particle size of 3∼10 µm, was placed in a crucible in the chamber. The flow of hydrogen and methane gas was regulated at 55 sccm (standard-state cubic centimeter per minute) and 3.3 sccm, respectively. The pressure of the chamber was kept at 5.5 kPa during all experiments, and the input microwave powers were 500 W, 600 W, 700 W, 800 W, respectively. The reduction time ranged from 10 minutes to 50 minutes.
The phase characteristics of the ilmenite samples were investigated by using X-ray diffusion (D/MAX-RB). Quantitative phase analysis of the product was performed using the XRD results. The surface morphology of the samples was observed by using a scanning electron microscope (SEM; JSM-5510 LV).
3 Results and discussion
The phase transition in the reduction process
The XRD results of the ilmenite and reduced samples at a microwave power of 600 W are shown in Fig. 1 . It can be found that the reaction starts with the forma- * supported by National Natural Science Foundation of China (No. 51072140), the program for excellent youth team and the scientific research foundation of the higher education commission of Hubei Province of China (Nos. Z200715001 and T201004) and the program for excellent subject leader of Wuhan (No. 201150530151) tion of rutile, Fe 3 C and CNTs. Hydrogen and methane are dissociated in microwave plasma, and free hydrogen and carbon ions are formed first of all. Then, ilmenite is reduced by these ions and the reduction products are TiO 2 and Fe. Free carbon ions infiltrate into the Fe particles and convert Fe to Fe 3 C. Finally, excessive free carbon ions diffuse on the surface of Fe 3 C, and CNTs are formed by taking Fe 3 C as a catalyst. Nanosized TiO 2 -CNT composite powder was prepared by using this method. It is well known that the photocatalysis of TiO 2 can be improved by the addition of an appropriate amount of CNTs due to stabilization charge separation and reduction charge recombination [13, 14] . The reduction degree of ilmenite increases as the reduction time is prolonged from 10 min to 50 min. Peaks of ilmenite become weaker and then disappear after 50 min. The relative intensity of the reduction products' peaks become stronger correspondingly as the reduction time is extended. Fig. 2 shows the morphology of ilmenite and CNTs by using the SEM. Fig.2 The SEM of (a) ilmenite and (b) products (reduction in 600 W for 40 min) XRD patterns of the reduction products after 10 minutes and 40 minutes at different microwave powers are shown in Fig. 3 and Fig. 4 , respectively. Microwave power has no effect on the phase composition of reduction products, but there is an improvement in reduction degree as the microwave power increases from 500 W to 800 W. After reduction at 800 W microwave power for 10 min, a very small amount of ilmenite is detected, but a number of ilmenite particles were left after 500 W microwave power reduction. A great deal of ilmenite remains after reduction at 500 W microwave power for 30 min, while no trace of ilmenite can be found after 800 W microwave power reduction. High microwave power can provide a high reduction temperature which increases from 770 K to 923 K. However, more free carbon ions are formed at higher microwave plasma intensities, which can accelerate the reduction. 
The chemical kinetics of ilmenite reduction
Based on the foregoing results, quantitative analysis of the content of ilmenite and rutile are shown in Fig. 6 . It is evident from the XRD patterns that high microwave power significantly enhances the reduction degree and helps to form rutile and CNTs. The reason is that higher microwave power can increase the reduction temperature. As a result of the extremely high activation energy in plasma, the overall reduction processes are controlled by diffusion, and the rate constants for these processes are given by the well-known Jander equation [15] :
(1) Fig.6 The effects of the reduction time and microwave power on the content of ilmenite and rutile
Function F 3 varies linearly with the reduction time in theory, in which the slope k J is the constant of the Jander reaction rate, and G is transformation rate which stands for the reduction rate. Fig. 7 shows effect of microwave power on reduction rate, and function F 3 varies linearly with the reduction time. As shown in Fig. 7 , the experimental values of function F 3 of the samples in microwave plasma change linearly with reduction time, which means that the Jander equation has a good applicability and the reduction is controlled by diffusion. For conventional and microwave-assisted carbothermic reduction processes of ilmenite, the reduction processes are completely controlled by chemical reaction at the interface [4, 9] . However, for the reduction process in microwave plasma, the Jander equation is suitable.
The chemical kinetics data of microwave plasma and microwave-assisted carbothermic reduction [9] are given in Table 1 . Microwave plasma reduction significantly increases the reduction rate by one order of magnitude, which may result from the fact that microwave plasma can generate a number of carbon ions, hydrogen ions and some intermediates including hydrocarbon active groups that enhance the reaction activity. In addition, the reduction in microwave plasma can take place at low temperature and the energy consumption for the process can be reduced considerably. *TA microwave plasma reduction temperature, TB for microwave assisted thermic reduction temperature P microwave power; kJ the constant of the Jander reaction rate; kC the constant of the chemical reaction rate
Conclusions
TiO 2 -CNTs composite materials were directly prepared using ilmenite through hydrogen and methane MPCVD. The reduction process and the morphology of the products were affected by microwave power and reduction time.
Higher microwave power could provide higher reduction rate, and a number of long length CNTs could be prepared by increasing the reduction time. Compared with other reduction processes by kinetics analysis, microwave plasma could significantly facilitate the reduction process in low temperature for the generation of carbon ions and some intermediates including hydrocarbon active groups, which enhance the reaction activity. The reduction process was in good agreement with the Jander equation because reduction took place in a high activation energy atmosphere and all processes were controlled by diffusion.
